Abstract. This paper proposes a full-order sliding-mode stator flux observer. The observer takes the stator current and "active flux" as the state variables in the stationary reference frame, and can realize "active flux" estimation in the direct torque controlled interior permanent magnet synchronous motor driving system. Therefore, the stator flux and electromagnetic torque can be calculated with estimated "active flux" according to the relationship between "active flux", stator flux and electromagnetic torque. As a result, the IPMSM high-performance speed closed-loop control is achieved. Simulation results are presented to validate the effectiveness of the proposed method.
Introduction
Recently, interior permanent magnet synchronous motors (IPMSMs) are widely used in highperformance ac drive system because of its small size, simple structure, high efficiency and rapid dynamic performance. Generally, high performance motor drive control uses field oriented control (FOC) or direct torque control (DTC). While DTC adjusts torque and stator flux directly in stator coordinate system with torque error and stator flux error, and has advantages of simple control structure, fast dynamic response and less dependent on parameters [1, 2] . Stator flux and torque in the DTC drive system are usually estimated by a state observer, and the accuracy of stator flux and torque observations has important influence on the performance of the motor drive system.
Conventional voltage-flux-observer calculates the stator flux by integrating the back electromotive force (EMF) and has advantages of simple structure and less dependent on parameters. However, the sampled stator current and stator voltage always inevitably contain DC components, which saturate the pure integrator output and cause stator flux observation to drift. In addition, the change of stator resistance also affects the accuracy of flux observation. A nonlinear quadrature feedbackcompensation stator flux observer has been proposed in [3] , which effectively solves the problems of DC drift and magnetic field saturation with voltage-flux-observer. In addition, a stator flux observer proposed in [4, 5] is robust to stator resistance perturbation and compensates for the influence of stator resistance variation using stator resistance dynamic identification. Conventional current-fluxobserver calculates stator flux by using the permanent magnet flux, stator inductances and rotor position angle, although it does not cause the problem of pure-integrator saturation and is suitable for any speed range, it is more sensitive to motor parameters.
The voltage-flux-observer is generally open-loop structure and the performance of flux estimation is poor in low speed region. By introducing error correction, closed-loop flux observation can be achieved, which can effectively improve the observation accuracy of the stator flux. A flux sliding mode observer which combines voltage-flux-observer and current-flux-observer with "active flux" is proposed in [6] and it realizes the flux estimation within a wide speed range. An extended Kalman filter is used to estimate the stator flux in [7] , but the main drawback of the method is that the realtime computation is large, and the algorithm is complicated.
A full-order sliding-mode flux observer is proposed for IPMSM in this paper. The state equations established by taking stator current and "active flux" as the state variables are taken as the IPMSM full-order model, and the sliding mode flux observer with stator current observation error as feedback correction is constructed, which improves the robustness of the drive system. By introducing "active flux", the structure of the observer is simplified, and the dependence on motor parameters is reduced. In addition, the drive system adopts a DTC strategy based on space vector modulation (SVM), which can effectively reduce the torque ripple while maintaining the characteristics of rapid dynamic response of direct torque control [8] . Simulation results are presented to validate that the proposed observer can obtain accurate stator flux and torque observations at full speed range, and the motor drive system has excellent control performance.
Mathematical Model of IPMSM
Voltage equations of IPMSM in the q d -rotating reference frame are
and electromagnetic torque is given by
L , q L and s R are the stator voltages, stator currents, stator inductances and stator resistance, respectively, f  is permanent magnet flux, p n is the number of pole pairs, e  is electrical motor speed, p is the differential operator.
Full-order of Sliding-mode Stator Flux Observer

Design of the Proposed Observer
Using the inverse park transformation, the voltage equations of IPMSM in the   -stationary reference frame are given as
 a and   a are the stator voltages, stator currents and "active flux", respectively, and e  is rotor position angle. It can be seen from (3) 
By taking stator current and "active flux" as the state variables, the IPMSM full-order model can be taken as
So the full-order sliding-mode stator flux observer can be constructed based on (6), given as
where the symbol "^" stands for the estimation variables, 1 k is the gain of stator current sliding mode estimator, 2 k is the gain of "active flux" sliding mode estimator, and ) sgn(  is the sign function.
Stability Analysis of the Proposed Observer
Subtracting (6) from (7) yields the error dynamic equations To make the estimation errors of stator currents converge to zero, the definite Lyapunov function is considered as
(9) Differentiating (9) with respect to time and substituting the dynamic equations of estimation errors of stator currents into it, the following equation is obtained Once stator currents reach the sliding surface, they stay on it and slide along it to the origin. Then the estimated stator currents will converge to actual stator currents. On this point, the following equations can be given by the dynamic equations of estimation errors of stator currents is needed to be satisfied. In summary, choosing appropriate gains of current sliding mode observer and "active flux" sliding mode observer can guarantee the convergence of the designed full-order sliding-mode stator flux observer.
Stator Flux and Torque Observations
Since "active flux" can be estimated based on the proposed observer, stator flux can be estimated with "active flux" as 
System of IPMSM SVM-DTC
In this paper, SVM-DTC strategy is adopted, and the block diagram of IPMSM SVM-DTC system based on the proposed sliding mode observer is shown in Fig. 1 T and estimated torque e Tˆ are regulated by a PI regulator, then the torque increment angle   is obtained, which includes the torque adjustment information. Therefore, the reference stator flux 
Simulation Results
In order to verify the validity of the full-order sliding-model stator flux observer proposed in this paper, the control algorithm is built within the Matlab/Simulink environment. The parameters used in the simulation are shown in Table 1 . . As can be seen in Fig. 2 , for the conventional voltage-fluxobserver, if there is a DC component in the input stator voltage, the observed stator flux will deviate from its actual value, and the observation error will increase with time. However the stator flux estimation of the proposed observer is not affected by the DC component of stator voltage. The curves in Fig. 3(a) and Fig. 4(a) are the  axis component of estimated stator flux,  axis component of actual stator flux and stator flux the estimation error. The curves in Fig. 3(b) and Fig.  4(b) are the estimated torque, the actual torque and the torque estimation error. Here, the actual stator flux and the actual torque are obtained by the conventional current-flux-observer. In the simulation, the given speed is 100 min / r and 1000 min / r , respectively. As shown in Fig. 3 and Fig. 4 , it can be seen that the estimated stator flux and torque could follow their actual values very well, which shows that the proposed full-order sliding-mode stator flux observer can realize the accurate estimation of stator flux and torque. In addition, due to the introduction of the sliding mode control, when the system reaches the sliding surface, the proposed full-order sliding-mode stator flux observer is completely free from the effects of parameter changes and disturbances. Compared with the conventional current-flux-observer, the robustness to changes in motor parameters is enhanced.
Conclusions
In this paper, an IPMSM full-order sliding-mode stator flux observer is proposed to estimate stator flux and torque by introducing "active flux", and the design of IPMSM SVM-DTC control system is achieved. The stability of the proposed observer is proved by using Lyapunov function. Compared with conventional observers, the proposed observer not only overcomes the problems of DC offset and dependence on the motor parameters, but has strong robustness to changes of motor parameters and improves the observation accuracy of stator flux and torque.
